Abstract. AVHRR data from April 1995 to September 1995 have been processed to produce 1 km resolution NDVI Maximum Value Composites of Scotland. Temporal pro® les of mean NDVI were obtained for Scottish administrative regions. Temporal NDVI pro® les for individual vegetation classes, from the Land Cover of Scotland 1988 (LCS88 ) dataset, were obtained and both temporal and spatial variations within these classes are also discussed. A method for enhancing the existing LCS88 dataset is proposed, based on AVHRR NDVI data, by distinguishing vegetation regional variation within a single class.
Introduction
NOAA Advanced Very High Resolution Radiometer (AVHRR) has been widely used in the past for vegetation monitoring on a global and regional scale ( Justice et al. 1985 , Maselli et al. 1993 , Derrien et al. 1992 . The availability of at least one morning and one afternoon image in any 24 hour period, for a given area, makes NOAA-AVHRR data particularly appropriate to detect rapidly changing vegetation biomass change.
The Normalized Di erence Vegetation Index ( NDVI) is calculated from the measured radiance on the red and near-infrared part of the electromagnetic spectrum. The index is based on the fact that highly vegetated areas will have high re¯ectance on the near-infrared and low re¯ectance on the red, while water and bare soil will generally have higher re¯ectance on the red than on the near infrared part of the spectrum (Goward et al. 1991) .
There are several factors that can cause a considerable change to the NDVI measured by satellite sensors. The most important of these factors are: changing illumination and viewing conditions within a single image and also between images of di erent days; the presence of cloud cover; variation in atmospheric constituents, in particular the variation in water vapour and aerosol concentrations. The use of Maximum Value Composites (MVCs) is generally accepted as an e ective way of eliminating the undesirable in¯uence of these factors ( Holben 1986 ). The assumption behind the MVC technique is that the maximum NDVI value of a set of images will correspond to the ideal conditions: low solar zenith angle and viewing angle, low 0143± 1161/97 $12.00 Ñ 1997 Taylor & Francis Ltd concentration of water vapour and aerosols and cloud-free conditions. This assumption is true for a NDVI MVC produced from a large number of images (which will depend on the geographical location and atmospheric conditions). However, a large number of images per MVC will correspond to long compositing periods and the loss of meaningful vegetation biomass change. It is therefore important to achieve a compromise between consistency and frequency of multi-temporal NDVI MVC data.
In areas such as Scotland, where the presence of cloud cover is frequent even during the Spring and Summer, it is di cult to obtain su cient cloud free images during one year using satellites with a long repetition period such as Landsat or Spot. Legg ( 1988) studied the frequency of Landsat MSS cloud-free images for Scotland between 1976 and 1986. He showed that the average number of clear Landsat views per year was between 2 and 6, and very dependent on the location. These values suggest that it is not possible to monitor the vegetation biomass change of Scotland with Landsat data alone. Although AVHRR data have a much lower spatial resolution than Landsat data, AVHRR can provide daily images from which it is possible to obtain a reasonable number of cloud free images and therefore provide enough data to monitor the vegetation biomass change of Scotland on a national or regional scale.
The Land Cover of Scotland 88 Survey ( LCS88 ) treats land cover classes, such as arable agriculture, improved pasture or smooth grassland uniformly throughout the country. However, as the growth of these cover features is a ected by climate, there should be substantial di erences in their vegetation dynamics within Scotland. Using AVHRR derived NDVI MVC data it should be possible to evaluate regional di erences in vegetation biomass change and as a result enhance or add value to the existing LCS88 dataset.
The LC S88 dataset

Backgrou nd
The Land Cover of Scotland 1988 ( LCS88 ) ( MLURI 1993 a) survey is the ® rst ever national census of land cover in Scotland. It was produced to assist in developing and monitoring the e ectiveness of future countryside policies, following increasing concern about the nature and rate of land use change in Scotland. Readers interested in obtaining more information about the project, technical aspects and comprehensive information on the validation and general statistics, are referred to the main project report (MLURI 1993 b) .
The project was conducted in three main phases. The ® rst phase involved obtaining medium scale ( 1 5 24 000), monochrome aerial photography for the whole of Scotland, a decision based on a through review of various land cover initiatives in the United Kingdom (Coppock and Kirby 1987) . This was achieved over threē ying seasons, from 1987 to 1989, most of it ( 35 per cent) during the week 6± 12 June 1988. The second phase required the interpretation of this photography to extract land cover information, and subsequently the conversion of this information into a computer-readable dataset. The ® nal phase was a ground validation exercise of the data.
L and cover classi® cation
There is not a standard land cover classi® cation system in the United Kingdom, although the need for a common classi® cation framework is well recognised ( Wyatt et al. 1993 ) . The classi® cation used in the LCS88 recognises the sponsors requirements to have information on rural, and in particular semi-natural, land cover in Scotland. The hierarchical classi® cation system adopted recognised principal, major and main land cover features, with various sub-categories. For example, semi-natural ground vegetation ( principal feature) may comprise heather and dwarf shrub heathland (major features), which can be further sub-divided into dry heather moor (main feature), which may or may not have muirburn, rock outcrops or scattered trees (sub-categories). An important feature of the classi® cation, is that it allows for mosaics (mixtures of cover features, where patch sizes are below minimum mapping areas) of the single land cover features to be identi® ed.
The description of the ® ve land cover features used in this work are presented below; the full list of individual and mosaic features can be found in the LCS88 Final Report (MLURI 1993 b).
1. Improved Pasture. Improved pastures have species of grass and clover of high palatability and grazing value and are generally established by cultivation or reseeding and maintained by grazing control and use of lime and fertilisers. These latter measures can, if followed over a period of time, achieve e ects on semi-natural grassland similar to those of reseeding. 2. Heather Moor. Areas dominated by heather species ( particularly Calluna vulgaris) . In this study they are intermediate in character between dry and wet heather moors and have a variable mixture of coarse grasses. They are of a considerably poorer grazing quality than the improved pastures. 3. Smooth Grass. Undi erentiated smooth grasslands include principally areas with bent-fescue grassland communities on brown forest soils and podzols, on hill slopes or rugged terrain. They are nearer in grazing quality to improved pastures than heather moors. 4. Montane Vegetation. Land above the treeline, represented on soil maps as carrying alpine or subalpine soils, often carrying mountain grassland and herb species or dwarf varieties of heather moorland vegetation. 5. Golf Courses. Golf courses in the countryside away from, or contiguous with but not within, built up areas.
For this study, a 500 m ground resolution ( pixel ) dataset was used, with classes being assigned to the predominant individual feature from the original raster ( 50 m) LCS88 dataset. Scottish administrative Regions and Districts (in operation at the time of this study) were used to evaluate, nationally, the spatial variations in vegetation condition. Figure 1 shows the Scottish Regions ( the Shetland Islands were not included ) and the Districts used in this work.
AV HRR data processing
NOAA AVHRR data were collected for Scotland between April 1995 and September 1995. During that period two NOAA satellites were operational . However, as NOAA-12 ( 0730 LST descending node) morning orbits have very low illumination angles, its data are unreliable for vegetation assessment, only NOAA-14 afternoon orbit ( 1340 LST ascending node) data were used ( Kidwell 1995 ) . Images with a high percentage of cloud cover, or with a very oblique view, were rejected as the NDVI values tend to be less reliable and it is di cult to achieve high accuracy in the recti® cation process. 
Pre-processing
The Normalized Di erence Vegetation Index ( NDVI) was calculated from the measured radiance on AVHRR channels 1 (L red ) and 2 (L nir ) using equation ( 1). The radiance measured by each channel was calculated using the pre-launch calibration parameters provided by NOAA ( Kidwell 1995) . As NOAA-14 has only been operational since 30 December 1994, the sensor decay is not thought to be substantial and therefore the pre-launch calibration coe cients were used. The NDVI values were multiplied by a factor of 1000 and stored in 16 bit format.
Ground Control Points (GCP) were inserted on each AVHRR image by identifying similar features (such as water features or coastlines) on the raw satellite image and on a digital map of Scotland. The distinctive coastline of Scotland made it generally possible, the exception being the presence of clouds, to insert about 50 well spread GCPs on each raw satellite image of 500 pixels by 500 lines. Great care was taken in this process as it is important to rectify an image as accurately as possible for the purpose of temporal analysis. GCPs with high root mean square (rms) residual errors were double-checked and none of the GCPs used had a rms residual error higher than 0´35 of a pixel. Each raw satellite image was then subject to a third order polynomial transformation with cubic convolution resampling into a dataset with 1 km pixel size ( Emery et al. 1989 ) . A dataset with 500 m pixel size was also produced to match the LCS88 data.
Independent ND VI maximum value composites
The NOAA satellites repetition cycle is approximately nine days, and within a repetition cycle there are three or four images of a given location which do not have high viewing angles (above 20± 25 degrees). Assuming an ideal situation of absence of clouds, between nine and thirteen images would be available to produce a monthly NDVI MVC. However, as some of those 9± 13 images will be predominantly cloudy, the number of images available for georeferencing and compositing will generally be smaller. We can assume that consistent monthly NDVI MVCs can be produced if at least ® ve or six of those possible 9± 13 images are predominantly cloud-free in every month being studied.
Monthly NDVI Maximum Value Composites (MVCs) were produced for May, June, July and August 1995, although the number of images available for May was only four. There were ® ve images available for each month for June, July and August. NDVI MVCs were produced for April and September, although only a small number of images were available for these months ( two and three respectively). The resulting NDVI MVCs produced, however, could not be consistently compared with those produced for May± August, and were therefore not included in this part of the study.
Overlapping ND VI maximum value composites
To be able to analyse continuous vegetation biomass change in Scotland from early Spring to the end of Summer, another approach has to be used. Instead of using a ® xed compositing period for each NDVI MVC, regardless of the number of images available on that period, independent NDVI MVCs from a ® xed number of images were produced. The compositing periods will vary depending on the availability of data which are conditioned by atmospheric conditions and by the satellite repetition period. By producing intermediate NDVI MVCs (overlapping ), it is possible to obtain smoother temporal pro® les and increased temporal resolution. The correlation between successive MVCs is closely related with the amount of overlap, as the di erences between consecutive MVCs decrease with increasing overlap.
MVCs were produced from six images and the overlap between consecutive MVCs was four images. A total of ten NDVI MVCs were produced, four independent and six overlapping , from the 24 AVHRR images available (table 1). Figure 2 shows a temporal plot of the mean NDVI MVC of Fife administrative region, calculated using monthly composites (void dots) and six images per MVC (full dots). A description of the images used for each NDVI MVC, the period, the Julian day (abscissa for the NDVI temporal graphics), and the number of days between consecutive MVCs is presented on table 1.
The use of fewer images per MVC would have shortened the compositing periods and given greater sensitivity to vegetative dynamics. However, it would also have increased the impact of the other factors. The use of six images is a compromise between these con¯icting e ects.
Results
The mean NDVI values of each former Scottish administrative region for each of the 10 NDVI MVC periods (table 1 ) were plotted (® gure 3). The NDVI values are generally higher in the Southern regions than in the North. The NDVI temporal plots of Fife and Lothian, which are essentially arable agriculture regions, are clearly shape to that of Improved Pasture, with NDVI values 15± 25 per cent lower, as the drought induced growth stress was more severe over these features. The graphics on ® gure 4, as discussed above, were produced by averaging the NDVI of pixels from a cover class for all of Scotland. However, the spectral response of a given type of vegetation is not expected to be the same from di erent climatic and geographical locations. The regional variation within a single LCS88 class was analysed by plotting the temporal NDVI pro® les of ® ve regions of Scotland, for Improved Pasture (® gure 5), Smooth Grass ( ® gure 6), and Heather Moor (® gure 7). The same pattern found for mean regional values is observed for speci® c classes. South and east regions tend to have higher values than north and west regions. Also, the Spring increase in NDVI values for grass and pasture is later for northern regions than it is for southern ones. Figure 8 shows the temporal plots of mean NDVI MVC values for six administrative districts of Scotland (sub-sections of the administrative regions). These districts were selected because of their high percentage of land use for some of the LCS88 classes. The district percentages of dominant land cover classes is presented on table 2. The three eastern districts, Ban and Buchan, North East Fife and Berwickshire, are predominantly arable agriculture. The NDVI temporal pro® les in these districts are generally similar, apart from a later NDVI increase in the growing season in Ban and Buchan (the further north of three districts), and a di erent amount of NDVI decrease in the crop harvest. This di erence could be explained with information about the dominant crop and the state at harvest. The NDVI temporal pro® les of Caithness and Lochaber, where the predominant land cover classes are Peat Vegetation and Heather Moor, are very similar. The higher NDVI values in Caithness in the Spring and lower in late Summer can be justi® ed by the higher percentage in Improved Pasture in this district. The Kilmarnock district has a di erent mean NDVI MVC pro® le. The most dominant class in this district is Improved Pasture and, as a consequence, the mean NDVI MVC plot for this district is very similar to that of Improved Pasture in the Strathclyde region (® gure 5 ). 
Discussion
The NDVI temporal pro® les produced for each Scottish region and for selected districts and LCS88 cover types showed clear di erences between regions and district as a whole and within a single land cover type.
The spatial resolution of the NDVI MVC dataset, 1 km, is a limiting factor in the analysis of vegetation of di erent cover types. The LCS88 dataset used here was produced from the original ( 50 m) by aggregation into 500 m pixels. This aggregation is by majority, which means that a pixel may only have 50 per cent of its area with its assigned class. A percentage model was used, with 1000 m pixels and ® ve classes (Arable Agriculture, Pasture, Semi-Natural Vegetation, Urban Areas, Water), to assess the e ect of mixed classes on the overall mean NDVI. The percentage model was tested in the period between April and September 95. The mean NDVI for pixels with at least 70 per cent of Semi Natural Vegetation did not vary more than 4 per cent from the mean NDVI calculated from pixels with 90 per cent or more Semi Natural Vegetation. The same test was done for Arable Agriculture with a result of less than 2 per cent variation. These values suggest that the overall e ect of mixed land cover pixels is not too important, at least for the most frequent classes. Classes with a reduced number of pixels are more subject to errors on the mean NDVI due to mixed land cover pixels. To be able to analyse these classes accurately, it would be necessary to produce a land cover percentage model for each individual class, which involves considerable computation time and resources. Although we were aware of the small variations by using the aggregation model, it was thought that for this regional study, the straightforward aggregation ( 50 per cent+class dominance) was adequate.
To obtain meaningful NDVI temporal pro® les, it is necessary that the NDVI MVCs are consistent. To achieve consistency between NDVI MVCs, the calibration of AVHRR raw data and, most importantly, the recti® cation stage, have all to be carefully performed. An error of one or two pixels in the recti® cation of one image can signi® cantly change the NDVI MVC, specially in areas with high variation of NDVI values. It is also important to be aware of some other limiting factors in addition to the availability of cloud-free images with near-nadir satellite view. In high latitudes such as Scotland, early Spring and late Summer satellite data have the restriction of high solar zenith angles. By simulation studies (Singh 1988) , it was shown that the measured NDVI values of vegetated areas remain constant with solar zenith angles up to about 30ß , and that for larger solar zenith angles, the NDVI values decrease smoothly and signi® cantly. The decrease in NDVI on vegetated areas reached, on this simulation, 33 per cent for a solar zenith angle of 70. Calculations on selected sites in Scotland showed that all the images used from May to August had solar zenith angles between 33 and 50 degrees. However, the two images from April had values of solar zenith angle above 50 degrees, reaching 62 degrees in the far North of Scotland on the 28 of September. These values and the results of Singh simulation suggest that the measured NDVI for the April and September images have an important decrease due to low solar illumination, and that the period studied, April to September, is probably the maximum range possible for Scotland.
Conclusion
The advantages of using overlapping NDVI MVCs in areas where the availability of quality data is limited is clearly demonstrated. It has been shown that there are spatial variations in the temporal NDVI pro® les within the major LCS88 cover types. This comes as no surprise given that vegetation condition is related to geographic and climatic location as well as altitude. The AVHRR derived NDVI data can be used to provide a more objective regional analysis of the major cover features identi® ed in the LCS88 survey.
One of the future possible applications would be the use of overlapping temporal NDVI MVC pro® les as an input to vegetation resource management, such as a grazing management model (Sibbald et al. 1987) . At present, the successful use of this type of model is dependent on historical, coarse resolution, derived climatic information. The NDVI MVCs would provide the potential for near real time input and thus a more objective analysis of regional climate variation and biomass production.
